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ABSTRACT Septins are conserved GTP-binding proteins involved in membrane compartmen-
talization and remodeling. In budding yeast, five mitotic septins localize at the bud neck, 
where the plasma membrane is enriched in phosphatidylinositol-4,5-bisphosphate 
(PtdIns4,5P2). We previously established the subunit organization within purified yeast septin 
complexes and how these hetero-octamers polymerize into filaments in solution and on 
PtdIns4,5P2-containing lipid monolayers. How septin ultrastructure in vitro relates to the sep-
tin-containing filaments observed at the neck in fixed cells by thin-section electron micros-
copy was unclear. A morphological description of these filaments in the crowded space of the 
cell is challenging, given their small cross section. To examine septin organization in situ, sec-
tions of dividing yeast cells were analyzed by electron tomography of freeze-substituted 
cells, as well as by cryo–electron tomography. We found networks of filaments both perpen-
dicular and parallel to the mother–bud axis that resemble septin arrays on lipid monolayers, 
displaying a repeat pattern that mirrors the molecular dimensions of the corresponding sep-
tin preparations in vitro. Thus these in situ structures most likely represent septin filaments. 
In viable mutants lacking a single septin, in situ filaments are still present, although more 
disordered, consistent with other evidence that the in vivo function of septins requires fila-
ment formation.
INTRODUCTION
Both cytokinesis and cell morphogenesis require spatial and tempo-
ral coordination of the proteins, lipids, and enzymes that remodel 
the composition and shape of the plasma membrane (PM) and sur-
rounding extracellular material. Hence the mechanisms responsible 
for recruitment and activation of such factors are the subject of much 
current research. Septins are proteins that have emerged as impor-
tant contributors to PM compartmentalization and remodeling in 
eukaryotes (Caudron and Barral, 2009; McMurray and Thorner, 
2009). Our recent studies suggest that the ability to form filaments 
is critical for the physiological function of septins, at least in the bud-
ding yeast Saccharomyces cerevisiae (McMurray et al., 2011). How-
ever, the actual architecture of septin assemblies in vivo has not 
been clearly delineated at the ultrastructural level in any cell type.
The septins were originally identified via the isolation of temper-
ature-sensitive (ts) mutants defective in cell cycle progression 
(Hartwell, 1974). Mutations at four distinct loci— cdc3, cdc10, cdc11, 
and cdc12—shared the unique terminal phenotype of failed cell divi-
sion, despite continued progress through DNA replication and nu-
clear division, creating multinucleated cells (Hartwell, 1971). Aniso-
tropic bud growth occurs in these mutants, but cytokinesis fails, 
leading to cells with chains of highly elongated buds (Hartwell, 1971). 
When subsequently cloned and sequenced, the corresponding 
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lar pattern was observed in Candida albicans (Soll and Mitchell, 
1983). When bud necks were examined by an alternative method—
EM of Ta/W- or Pt-coated replicas of freeze-fractured and deep-
etched fixed spheroplasts—filamentous structures resembling 
“gauzes” and attributed to criss-crossed, septin-containing fila-
ments were observed (Rodal et al., 2005), reminiscent of the mesh-
like networks formed by purified septin complexes on PtdIns4,5P2-
containing lipid monolayers (Bertin et al., 2010).
Multiple observations demonstrate that the septins are required 
for the formation and are integral constituents of these neck-associ-
ated filaments. The neck filaments were undetectable in cdc3, 
cdc10, cdc11, or cdc12 mutants shifted to the restrictive tempera-
ture but were found in all other cdc mutants examined under the 
same conditions (Byers and Goetsch, 1976). Whether visualized in 
fixed cells by antibody decoration and indirect immunofluorescence 
(Haarer and Pringle, 1987; Ford and Pringle, 1991; Kim et al., 1991) 
or as fusions to genetically encoded fluorescent tags in live cells in 
real time (Cid et al., 1998; Iwase et al., 2007; McMurray and Thorner, 
2008b), Cdc3, Cdc10, Cdc11, Cdc12, and Shs1 all colocalize at the 
neck between a mother cell and its bud. As judged by photobleach-
ing (Caviston et al., 2003; Dobbelaere et al., 2003) and fluorescence 
anisotropy (Vrabioiu and Mitchison, 2006, 2007; DeMay et al., 2011) 
of septin-GFP fusions, at the cell cycle stage when the neck fila-
ments are observed, each of the septin subunits examined is immo-
bilized and orientationally constrained, consistent with formation of 
highly ordered assemblies. Finally, concomitant with the onset of 
cytokinesis, the septin-containing, hourglass-shaped collar at the 
bud neck is split into two discrete rings that closely flank each side 
of the neck (Oh and Bi, 2011).
The ordered septin array at the bud neck appears to serve three 
functions. First, it acts as a scaffold by physically associating with 
other proteins that recruit factors critical for cell division, including 
the actin and myosin that assemble into the contractile ring 
(Dobbelaere and Barral, 2004), and for execution of a cell cycle 
checkpoint that monitors septin assembly (Shulewitz et al., 1999; 
Keaton and Lew, 2006). Second, it acts as a physical barricade to 
prevent free diffusion of plasma membrane proteins between the 
mother cell and its bud during cell growth (Takizawa et al., 2000; 
Faty et al., 2002). Third, the split rings act as gaskets or corrals to 
sequester the secretory vesicles, chitin-synthesizing enzymes, and 
other proteins required for completion of cytokinesis and septation 
but which the septins do not bind directly (Dobbelaere and Barral, 
2004; Oh and Bi, 2011). Clearly, continuous membrane-associated, 
septin-containing filaments would serve as effective barriers to 
physically impede diffusion of integral membrane proteins, either 
directly or indirectly by binding to and ordering PM lipids (Bertin 
et al., 2010). Consistent with the conclusion that filament formation 
is necessary for septin function in vivo, we demonstrated that muta-
tions that ablate filament assembly prevent septin localization to the 
cell cortex and block cell division, whereas deletion of certain septin 
subunits can be tolerated because the resulting complexes are ca-
pable of polymerizing into filaments (McMurray et al., 2011).
Despite these advances in our understanding of septin structure 
and function, how septin filaments are actually arranged at the bud 
neck and whether they correspond to the images observed before 
(Byers and Goetsch, 1976; Rodal et al., 2005) remained unclear. The 
subsequent advent of tomographic methods for EM analysis of cell 
components in situ allows a novel means to examine septin organiza-
tion in three dimensions. Concomitantly, methods for better preserva-
tion of cellular ultrastructure, especially membranes, have also been 
developed. Here we used high-pressure freezing, followed by either 
freeze substitution or cryo-sectioning (cryo–electron microscopy 
wild-type genes were found to encode a family of related proteins 
eventually dubbed septins (Pringle, 2008). A fifth septin-encoding 
gene (SEP7/SHS1), recognized on the basis of its sequence similarity 
to the others, is also expressed in mitotic cells (Carroll et al., 1998; 
Mino et al., 1998). Unlike the other four septin genes, even an shs1-
null allele does not cause a ts proliferation defect, but shs1Δ cells 
exhibit a moderately elongated bud, and an shs1Δ mutation exacer-
bates the phenotype of other mutations that affect cytokinesis (Iwase 
et al., 2007; McMurray et al., 2011). Thus all five mitotic septins are 
involved in cytokinesis and cellular morphogenesis.
Biochemical studies have shown that native septins isolated from 
yeast cells by immunoaffinity chromatography and other fraction-
ation methods (Frazier et al., 1998; Mortensen et al., 2002), as well 
as recombinant septins expressed in and purified from bacterial 
cells (Versele et al., 2004; Farkasovsky et al., 2005), copurify as sta-
ble complexes of defined stoichiometry, even at high salt concentra-
tion (≥200 mM; Bertin et al., 2008; Garcia et al., 2011). At low salt 
concentration (≤100 mM), purified yeast septin complexes self-as-
semble into filaments in solution (Frazier et al., 1998; Versele et al., 
2004; Farkasovsky et al., 2005). Using electron microscopy (EM) and 
single-particle analysis, combined with physical tags, we found that 
complexes of the four yeast septins identified as CDC genes exist as 
well-ordered, linear hetero-octameric rods (4 × 4 × 32 nm) of a uni-
form composition: Cdc11-Cdc12-Cdc3-Cdc10-Cdc10-Cdc3-Cdc12-
Cdc11 (Bertin et al., 2008). Furthermore, filament formation at low 
salt concentration occurs by end-to-end association of the rods via 
Cdc11–Cdc11 interaction, and, as polymerization proceeds, the fila-
ments pair in a highly cooperative manner via cross-filament asso-
ciation between the extended carboxy termini of Cdc3–Cdc12 dim-
ers, yielding long, “railroad track”–like structures (Bertin et al., 2008). 
Fluorescence anisotropy measurements carried out in diverse or-
ganisms are compatible with the pairing of septin filaments in situ 
(DeMay et al., 2011). Independent studies using EM or X-ray crystal-
lography to examine purified septin complexes from Caenorhabdi-
tis elegans (John et al., 2007) and humans (Sirajuddin et al., 2007) 
revealed strikingly similar linear, nonpolar rods capable of end-to-
end polymerization into filaments. It is striking that when yeast sep-
tin filaments are assembled on the surface of lipid monolayers con-
taining phosphatidylinositol-4,5-bisphosphate (PtdIns4,5P2) to more 
closely mimic the PM environment believed to be present at the 
yeast bud neck (Prouzet-Mauléon et al., 2008; Yoshida et al., 2009), 
the filaments pair tightly (lack the gap seen in the “railroad tracks” 
formed in solution) and do not require the carboxy termini of either 
Cdc3 or Cdc12 to do so (Bertin et al., 2010). Moreover, the tight fila-
ment pairs are frequently cross-braced by rods oriented orthogo-
nally to the filaments, creating a mesh-like structure (Bertin et al., 
2010). Unlike hetero-octamer assembly and rod polymerization, 
cross-brace formation requires the carboxy-terminal extension of 
Cdc11 (Bertin et al., 2010).
Thin sections of glutaraldehyde- and osmium tetroxide–fixed di-
viding S. cerevisiae cells stained with uranyl acetate, dehydrated, 
and embedded in plastic resin were examined by EM and revealed 
an ordered array of filament-like profiles wrapped around the inside 
of the neck as circumferential hoops perpendicular to the mother–
bud axis (or perhaps as a continuous spiral; Byers and Goetsch, 
1976). In this hourglass-shaped collar, the putative filaments (spaced 
∼28 nm apart) were closely apposed to the PM (apparently con-
nected to the inner leaflet by extensions ∼12 nm long and ∼3 nm 
thick). In some images, each filament (∼10-nm diameter) could be 
resolved into two very fine spines separated by ∼5 nm (Byers and 
Goetsch, 1976), reminiscent of the tightly paired filaments seen on 
PtdIns4,5P2-containing lipid monolayers (Bertin et al., 2010). A simi-
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appear to contact the PM via a short stem) 
and also seem connected by a thin, fiber-
like element that runs parallel to the mother–
bud axis. In sections that just graze the PM 
at the bud neck (Figure 1B), multiple stria-
tions (each ∼10 nm thick and separated from 
its neighbors by ∼30 nm) that are oriented 
perpendicular to the mother–bud axis are 
clearly observed, again very similar to the 
“10-nm” stripes described previously and 
attributed to neck filaments (Byers and 
Goetsch, 1976).
In addition, next to the densities that cor-
respond to neck filaments, the inner leaflet 
of the PM appears significantly darker than 
in other areas. This additional contrast could 
correspond to tightly bound protein on the 
membrane surface or be due to preferential 
staining of a particular lipid enriched in this 
area (or both). Comparing both our medial 
and grazing sections and averaging over 
many images, we typically find at each bud 
neck 15–20 filaments perpendicular to the 
mother–bud axis, where the mean thickness 
for each filament is 10.2 ± 3 nm (see later 
discussion for a more precise estimation of 
filament thickness in each tomogram), and 
the mean distance between filaments is 
30.3 ± 5 nm. Thus our observations gener-
ally agree with the qualitative conclusions 
reached using previous methods more 
prone to cause disruption (Byers and 
Goetsch, 1976). However, in our images the 
ultrastructural features of the filaments and 
the appearance of the membrane and cyto-
sol are significantly improved, which provided an opportunity to 
undertake three-dimensional (3D) reconstruction of neck filament 
structure and organization in situ using electron tomography.
Coexistence of orthogonal filament arrays
To obtain 3D reconstructions of the bud neck, we carried out dual-
axis-tilted series on thicker sections (either 150 or 200 nm) of wild-
type yeast cells. Examples of aligned tilted series are shown in Sup-
plemental Movies S1 and S2). We analyzed two types of samples: 
medial cell sections, similar to those in Figure 1A, and grazing sec-
tions, as in Figure 1B. In total, we carried out four reconstructions 
from grazing sections and 16 reconstructions from medial sections 
(because, as expected, medial sections of dividing cells were found 
more frequently than grazing sections—Supplemental Movie S3 
shows sequential slices through the volume). A morphological de-
scription of bud neck filaments in the crowded space of the cell is 
challenging, given their small cross section. As illustrated in a repre-
sentative slice through the tomogram of a grazing section (Figure 2A, 
top), multiple filaments (in this case, at least three) clearly run around 
the constriction site near the PM in a direction perpendicular to the 
mother–bud axis (green arrows). An enlargement of the same area 
(Figure 2A, middle) reveals that these “circumferential” filaments 
seem to be interconnected by a distinct set of “axial” filaments (red 
arrows), which run parallel to the mother–bud axis and orthogonal 
to the “circumferential” filaments. When rendered using the soft-
ware package IMOD (Mastronarde, 2008), a model of the full tomo-
gram (Figure 2A, bottom) shows the following main features: 1) the 
of vitreous sections; Al-Amoudi et al., 2004), and coupled them with 
three-dimensional reconstruction by electron tomography to charac-
terize the complex arrangement of fibrillar structures at the yeast bud 
neck. Of importance, we have been able to place the present in situ 
analysis within the context of recent in vitro studies with recombinant 
proteins and simple lipid systems. Relating now well-established 
structural features of the septin complexes and polymers formed 
thereof with the cellular features of the neck filaments observed in the 
current study strongly supports the identification of the filaments we 
describe here as septins.
RESULTS
Neck filaments are preserved in freeze-substituted 
budding yeast
To optimize maintenance of cellular structures, S. cerevisiae cells 
from exponentially growing cultures were quick-frozen under high 
pressure and freeze substituted prior to embedding and sectioning. 
In sections (50 nm thick) through the middle of the isthmus that con-
nects a mother cell to its bud (Figure 1A), a pattern of densities (re-
sembling dark beads on a string) is present immediately adjacent to 
the highly convex surface of the PM at the bud neck (see inset). 
These dot-like profiles are very similar to those observed in medial 
sections of chemically fixed S. cerevisiae (Byers and Goetsch, 1976) 
and C. albicans (Soll and Mitchell, 1983) cells prepared by harsher 
techniques, which were attributed to cross sections through neck 
filaments. As described for the neck filaments (Byers and Goetsch, 
1976), the dots in our sections are slightly removed from the PM (but 
FIGURE 1: Resin-embedded, 50-nm sections of wild-type S. cerevisiae bud necks. Left, sagittal 
(medial) section of a mother cell and its bud in schematic view (top) and an actual image (A) with 
the region (square) showing apparent cross sections of filament-like structures (arrowheads) 
closely apposed to the plasma membrane and interconnected by a continuous fibril. Scale bar, 
0.2 μm. Right, grazing section of a mother cell and its bud in schematic view (top) and an actual 
image (B) with region (square) showing a banding pattern of apparent filament-like structures 
perpendicular to the mother–bud axis. Scale bar, 0.5 μm.
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ner leaflet by ∼20 nm and connected to it 
via short extensions (blue).
As illustrated in a representative slice 
through the tomogram of a medial section 
(Figure 2B, top), where the circumferential 
filaments are visualized in cross section (blue 
arrows), orthogonal filamentous structures 
can again be identified. Within this single 
slice, a continuous filament parallel to the 
mother–bud axis can be seen running along 
the PM and ∼20 nm from it (red arrow). 
When the reconstruction is viewed in slices 
perpendicular to the plane of the section, a 
set of parallel filaments (green arrows) that 
run circumferentially around the bud neck 
and orthogonal to the mother–bud axis is 
clearly present (Figure 2B, middle). These 
filaments correspond to the prominent cir-
cumferential 10-nm filaments seen in the 
grazing sections (Figure 2A), and, in some 
cases, they appear to be doublets (i.e., two 
tightly paired fibers; see also results dis-
cussed later obtained using cryo-tomogra-
phy). Within the tomographic reconstruction 
of the medial section as a whole (Figure 2B, 
bottom), the circumferential filaments seem 
to be closer to the PM, whereas the axial 
filaments can be seen at different depths, 
are more irregularly spaced, and are sepa-
rated by ∼10–20 nm (see also Supplemental 
Movie S4). Again, both the circumferential 
filaments and the axial filaments make ap-
parent contact with the PM via short, rod-
like densities (blue lines); however, these 
short connectors are attached primarily 
along the circumferential filaments (Figure 
2B, bottom right) and appear to “hold” 
those filaments along their course, whereas 
these connectors to the PM are much less 
frequent along the axial filaments. The con-
nectors are not systematically found where 
circumferential and axial filaments intersect.
One of our tomograms, together with 
segmented main features, is provided as a 
supplementary video. The reconstruction 
includes a grazing slice of the plasma mem-
brane at the bud neck (Figure 3A and Sup-
plemental Movie S5). In this tomogram, 
grazing slices show clear circumferential and 
axial filaments, whereas the axial filaments 
are more clearly seen in inner slices of the 
cell. Within the same tomogram the nuclear 
envelope of the dividing nucleus is seen sur-
rounding four mitotic microtubules and 
spanning the mother and daughter sides of 
the bud neck (Figure 3, A and B). Endoplasmic reticulum (ER) mem-
branes are seen closely apposed to circumferential septin filaments 
(Supplemental Movie S5).
The thickness of an individual filament within each circumferen-
tial pair is 3.5 ± 1.4 nm, comparable to the value (∼4 nm) observed 
in our EM analysis of single septin filaments assembled in vitro from 
recombinant yeast septin complexes (Bertin et al., 2008, 2010), 
circumferential profiles that run perpendicular to the mother–bud 
axis (green) correspond to the “10-nm” filaments first reported by 
Byers and Goestch (1976); 2) the circumferential filaments are inter-
sected, and perhaps interconnected, by axial filaments (red) that run 
parallel to the mother–bud axis; and 3) although closely apposed to 
the PM (yellow surface), neither filament type appears to engage 
the membrane directly, but instead they are separated from the in-
FIGURE 2: Tomographic visualization of resin-embedded thick sections of wild-type 
S. cerevisiae bud necks. (A) Grazing section. Top, slice from a tomogram showing circumferential 
filaments (green arrows) perpendicular to the mother–bud axis. Middle, magnified view of an 
area (square) from the top that shows both the circumferential filament-like densities (green 
arrows) and the orthogonal filament-like densities parallel to the mother–bud axis (red arrows). 
Bottom, segmentation model of complete tomogram with cell membrane (yellow), 
circumferential filaments (green), axial filaments (red), and densities connecting the 
circumferential filaments to the membrane (blue). (B) Medial section. Top, slice from a tomogram 
showing one side of the bud neck containing an axial filament (red arrow) parallel to the 
membrane running continuously above and periodically connected to (blue arrows) dot-like 
densities corresponding to cross sections through the circumferential filaments. Middle, section 
from the same tomogram, perpendicular to that in the top (with the common axis shown 
vertically), showing the double-fiber character of the circumferential filaments (green arrows). 
Bottom, a glancing (left) and edge-on (right) view of the cell membrane (yellow) in segmentation 
model of the tomogram with the circumferential filaments (green), axial filaments (red), and 
connecting densities from the filaments to the membrane (blue). Scale bars, 100 nm.
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microscopy (Schmidt et al., 2003; Kadota et al., 2004). By contrast, 
we attribute the significantly smaller average value (∼500 nm) re-
ported by Byers and Goetsch (1976) to the fixation methods they 
used, which are known to cause shrinkage (Murk et al., 2003).
Neck filaments in frozen, hydrated samples
The shortcomings of the dehydration, chemical embedding, and 
staining processes historically required for tomographic EM analysis 
can be avoided by preparing cryo-sections of frozen cells (Pierson 
et al., 2010, 2011). The samples are maintained in an unstained 
state, free of chemical treatments, in which ultrastructure is well pre-
served, but at the cost of poorer contrast in the resulting images 
and, hence, lower signal-to-noise ratio with regard to how well indi-
vidual cellular structures stand out from the background. Nonethe-
less, tomography of vitreous sections (TOVIS) has been used suc-
cessfully to study other major structural elements in budding yeast 
(Griffith et al., 2008; Pierson et al., 2009, 2011).
Therefore wild-type cells in the hydrated state were cryo-sec-
tioned (50 nm thick) after the freezing procedure to carry out tomo-
graphic analysis of the yeast neck filament network. The numbers of 
grazing sections obtained from the limited numbers of cells exam-
ined were too few to attempt tomographic reconstructions. We 
were able to generate tomographic reconstructions of full (Figure 
4A) and partial (Figure 4, B–E) medial sections of bud necks from 
individual cells (see also Supplemental Movie S6). The diffraction 
pattern (Figure 4A, inset) in an area of the full reconstruction indi-
cates that such cells were fully vitrified. Because of the expected low 
contrast of TOVIS images as compared with those of stained, freeze-
substituted samples (e.g., Figure 1), we enhanced the signal-to-
noise ratio using the method of nonlinear anisotropic diffusion 
(Frangakis and Hegerl, 2001).
Axial filaments running along the cell membrane (red arrows), 
and the occasional apparent connectors linking them to the PM 
(blue arrows), are discernible in tomogram slices parallel to the 
plane of the section (Figure 4, B and C), and in slices within the sec-
tion that are perpendicular to the section plane (Figure 4, D and E), 
regularly spaced, paired circumferential filaments (green arrows) run 
perpendicular to the plane of the section. The fact that the circum-
ferential filaments are resolved into tight pairs is the most obvious 
difference between the tomographic reconstructions obtained from 
these frozen-hydrated specimens and those obtained from the 
resin-embedded samples. In the frozen sections, as in the fixed sec-
tions, the mean thicknesses of the individual filaments in a circum-
ferential pair and of the axial filaments were 3.51 ± 1.8 and 4.51 ± 
1.8 nm, respectively. The distance separating the two filaments in 
the tight pairs is 8.4 ± 1.7 nm, quite similar to the tight filament pairs 
seen when recombinant yeast septins are assembled on the surface 
of PtdIns4,5P2-containing lipid monolayers (Bertin et al., 2010) and 
much narrower than the spacing observed between the railroad 
track–like paired filaments assembled in solution (Bertin et al., 2008). 
It is possible that pairing of the circumferential filaments was not so 
readily discernible in tomograms of the freeze-substituted samples 
due to artifacts of preservation, resin opacity, or staining; conversely, 
perhaps the space between the two filaments in the circumferential 
pairs was exaggerated in the cryo–electron microscopy (cryo-EM) 
images due to the larger defocus. The gap separating each filament 
pair from another was 35.7 ± 3.2 nm, slightly higher than found in 
the resin-embedded samples (30 ± 3 nm), again because the latter 
have a tendency to shrink under the electron beam (and even be-
fore visualization, the other processing steps involved in preparation 
of the resin-embedded samples may have also contributed to this 
shrinkage). Similarly, the spacing between the axial filaments was 
and the gap separating one circumferential pair from another is 
30 ± 3 nm. The axial filaments have an essentially identical thickness 
(3.5 ±1.6 nm). As measured in reconstructions of six cells, the mean 
bud neck diameter was 972 ± 110 nm, quite comparable to the 
values for bud neck diameter (∼1000 nm) and septin ring diameter 
(980 ± 80 nm) in large-budded predivision cells assessed by light 
FIGURE 3: Tomographic visualization of resin-embedded thick 
sections of the bud neck of wild-type S. cerevisiae undergoing 
mitosis. (A) Tomographic slice near the plasma membrane at the most 
constricted point of the bud neck, showing clear circumferential 
filaments (green arrows). (B) Deeper slice, clearly showing axial 
filaments (red lines follow their contour, at a slightly farther distance 
from the membrane), as well as circumferential filaments, which are 
seen in cross section (green arrows). The nuclear envelope is also 
indicated (NE). Scale bar, 100 nm. (See also corresponding 
Supplemental Movie.)
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[GFP]) localize at the bud neck. However, 
Cdc10-less and Cdc11-less strains fail to 
grow at an elevated temperature (37°C) that 
wild-type cells tolerate well, and, for such 
strains, many attempts at cytokinesis are 
abortive at the permissive temperature, sug-
gesting that the septin structures formed at 
the bud neck carry out both their scaffold 
and diffusion barrier functions less than opti-
mally (McMurray et al., 2011). Indeed, using 
the same fixation, dehydration, resin-em-
bedding, and staining techniques by which 
the neck filaments were originally observed 
in wild-type cells (Byers and Goetsch, 1976), 
others failed to detect neck filaments in 
cdc11Δ mutants, observed only rare neck 
filaments in cdc10Δ mutants, and reported 
that septin complexes purified from both 
cdc10Δ and cdc11Δ cells were incapable of 
self-assembly into filaments in vitro (Frazier 
et al., 1998). However, we and others dem-
onstrated that recombinant septin com-
plexes lacking Cdc10 or Cdc11 are capable 
of rudimentary filament formation in vitro 
(Versele et al., 2004; Farkasovsky et al., 2005; 
Bertin et al., 2010; McMurray et al., 2011), 
and this capacity for polymerization is greatly 
enhanced on the surface of PtdIns4,5P2-con-
taining lipid monolayers (Bertin et al., 2010). 
Furthermore, we provided genetic, bio-
chemical, and cytological evidence that the 
corresponding nonnative Cdc11-Cdc12-
Cdc3-Cdc3-Cdc12-Cdc11 and Cdc12-Cdc3-
Cdc10-Cdc10-Cdc3-Cdc12 hexamers form 
and are able to polymerize end to end 
(McMurray et al., 2011), albeit less efficiently 
than the normal octameric complex, sug-
gesting that cdc10Δ and cdc11Δ strains are 
viable because septin filament assembly can 
occur. Accordingly, septin filament forma-
tion in vivo should be manifest as neck fila-
ments visible in situ at the EM level in the 
Cdc10-less and Cdc11-less mutants. Thus 
we tested this prediction using EM tomogra-
phy of resin-embedded, stained mutant 
cells.
We prepared and examined cdc10Δ cells 
in the same way that we did for wild-type 
cells. The cultures of our haploid cdc10Δ strain propagated at 30°C 
displayed the same abnormal growth and morphological pheno-
types observed by us and others (Frazier et al., 1998; Jeong et al., 
2001; Versele et al., 2004; McMurray et al., 2011), including longer-
than-normal doubling time (data not shown) and nonaxial budding 
(Flescher et al., 1993; Figure 5A, black arrows). Considering that, 
normally, septins help to direct localized PM and cell wall synthesis, 
we were not surprised to find that the PM was generally less well 
preserved in the mutant cells compared with the CDC10+ parent 
strain after applying the same protocol (compare Figure 5, B and C, 
to Figure 2, A and B). Indeed, many other yeast mutants exhibit less-
than-optimal preservation than wild-type cells after high-pressure 
freezing and freeze substitution (McDonald, 2007). One rather well-
preserved bud neck (Figure 5A, white arrow) yielded distinct grazing 
∼20 nm, slightly larger than what was seen in the resin-embedded 
cells (10–20 nm).
Neck filaments persist but have altered organization 
in viable mutants lacking a septin
Although septin function is essential for yeast cell division, and muta-
tions in cdc3, cdc10, cdc11, or cdc12 can render cells incapable of 
division at high temperatures, viable cells carrying cdc10Δ or cdc11Δ 
(complete null) mutations can be obtained under certain conditions 
(Frazier et al., 1998; McMurray et al., 2011), whereas cdc3Δ and 
cdc12Δ mutations are invariably lethal (Haarer and Pringle, 1987; 
Kim et al., 1991; Versele et al., 2004). In the viable Cdc10-less and 
Cdc11-less strains examined at the light microscope level, the re-
maining septins (marked by fusion to green fluorescent protein 
FIGURE 4: Tomography of cryo-sections of wild-type S. cerevisiae bud necks. (A) Slice from a 
tomogram of a 50-nm cryo-section of the bud neck (inset, diffraction pattern confirming 
vitrification of the sample). (B, C) Magnified views of the left (B) and right (C) sides of the image 
shown in A, with axial filaments parallel to the membrane (red arrows) and connectors from the 
axial filaments to dot-like densities corresponding to cross sections through the circumferential 
filaments and to the membrane (blue arrows). (D, E) Slices perpendicular to those shown in B 
and C, respectively (the common axis is vertical, as indicated) showing the double-fiber nature of 
each circumferential filament (green arrows).
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of the cross-braces in the mesh-like lattices 
we observed on PtdIns4,5P2-containing 
monolayers (Bertin et al., 2010). Without the 
central doublet of Cdc10 subunits, the 
length of the resulting hexamer should be 
shorter by 8 nm (2 × 4 nm; Bertin et al., 
2008). Thus the ∼20-nm spacing between 
circumferential filaments in cdc10Δ cells 
suggests that this spacing is dictated by a 
septin complex–long repeat in the axial fila-
ments that mediates their direct contact 
with the circumferential filaments. In other 
words, the repeating pattern of subunits 
within septin-based axial filaments is re-
flected in the spacing between septin-based 
circumferential filaments (see Figure 6).
DISCUSSION
Understanding of septin structure has been 
advanced in recent years by the in vitro visu-
alization of the septin complexes that serve 
as the building blocks of septin filaments 
(McMurray and Thorner, 2008a; Weirich 
et al., 2008; Estey et al., 2011; Oh and Bi, 
2011). Less well understood is how septins 
organize in cells. On the basis of evidence 
from pioneering EM work describing the 
neck filaments in budding yeast (Byers and 
Goetsch, 1976) and C. albicans (Soll and 
Mitchell, 1983), it has been assumed that 
septins in other cell types also form arrays of 
PM-associated filaments.  As a much-needed 
follow up to those valuable first observa-
tions in yeasts, we used improved EM pres-
ervation techniques and 3D tomographic 
reconstruction to gain new insights about 
the organization of the bud neck filaments. 
First, as shown schematically in Figure 5, our 
imaging indicates that each of the circum-
ferential 10-nm neck filaments observed by Byers and Goetsch 
(1976) does indeed run perpendicular to the mother–bud axis. How-
ever, second, and unexpectedly, our analysis revealed a system of 
axial filaments that coexists with the circumferential filaments and is 
arranged orthogonal to them (Figure 6). The visualization of the sec-
ond set of axial filaments was greatly aided by the use of three-di-
mensional reconstruction. Third, our observations strongly suggest 
that each 10-nm circumferential filament corresponds to a tightly 
associated pair of septin filaments (Figure 6, green), whereas each 
axial filament seems to correspond to a lone septin filament (Figure 
6, red). In the analysis by Byers and Goetsch, the diameter of each 
filament was measured to be 5 nm. We believe our measurements 
have the added value of new and improved preparation methods 
and of the statistics obtained from a large number of 3D reconstruc-
tions. Furthermore, a recent study supports the conclusion that sep-
tin filaments are paired in situ (DeMay et al., 2011). Fourth, the newly 
identified axial filaments intersect the circumferential filaments at 
regular intervals on their cytosolic side and define the distance of 
the gap separating one circumferential filament from another.
A number of experimental and conceptual points support our 
assumption that both the circumferential and axial filaments are 
composed of septins. The 30-nm interval separating each circumfer-
ential filament from another corresponds to the length of a septin 
sections (Figure 5, B and C) that clearly displayed in tomographic 
reconstructions the presence of both circumferential (green arrows) 
and axial (red arrows) neck filaments. A rendering (Figure 5D) of 
such a tomogram (Figure 5C) shows that these filaments are less 
numerous and more disorganized than those seen in wild-type cells 
(Figure 2). Although the reduced quantity and greater disorder ob-
served may be due, in part, to greater fragility during sample pro-
cessing of septin filaments composed of Cdc11-Cdc12-Cdc3-Cdc3-
Cdc12-Cdc11 hexameric complexes, it is important to note that, 
either in solution (Versele et al., 2004) or on PtdIns4,5P2-containing 
lipid monolayers (Bertin et al., 2010), purified recombinant com-
plexes lacking Cdc10 are similarly disordered, forming shorter and 
more fragile filaments than wild-type Cdc11-Cdc12-Cdc3-Cdc10-
Cdc10-Cdc3-Cdc12-Cdc11 octameric complexes. Furthermore, fila-
ment assembly in vitro by Cdc10-less complexes also requires a 
higher protein concentration than wild-type complexes and is pro-
moted by the presence of guanine nucleotide (Bertin et al., 2010; 
McMurray et al., 2011).
It is striking that, although circumferential filaments were more 
difficult to see in the Cdc10-less cells, the median value for the gap 
between them (20.2 ± 5.8 nm) was clearly smaller than that in wild-
type cells (30 ± 3 nm). The distance observed in wild-type cells is 
consistent with the length of a septin octamer, similar to the length 
FIGURE 5: Tomographic visualization of resin-embedded thick sections of Cdc10-less mutant 
cells. (A) Low-magnification view of a section from a bloc of the haploid cdc10Δ strain, showing 
diagnostic abnormal budding patterning (black arrows) and the region from which the 
tomograms were collected (white arrow). (B, C) Slices through tomograms of two different 
grazing sections, showing circumferential filaments perpendicular to the mother–bud axis (green 
arrows) and axial filaments parallel to the mother–bud axis (red arrows). (D) Segmentation model 
from the tomogram shown in C, with circumferential filaments (green) and axial filaments (red).
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others (Vrabioiu and Mitchison, 2006, 2007; DeMay et al. 2011) 
could be the disappearance of one set of filaments (the axial ones) 
with the onset of cytokinesis, likely by disruption of the Cdc11-
mediated junctions between the axial and circumferential filaments. 
This would allow for accordion-like collapse of the spacing between 
the circumferential filaments and their bundling on either side of the 
bud neck (the split rings).
In our lipid monolayer in vitro experiments (Bertin et al., 2010), 
the filaments were associated with this surface via their direct bind-
ing to the lipids. In our tomograms, however, it appears that the 
septin-based filaments are situated at a distance from the inner 
leaflet of the PM but contact it through a ∼20-nm stem of connect-
ing density. Of interest, in an EM image from Ashbya gossypii, 
septin filaments also appear to be disconnected from the plasma 
membrane (DeMay et al., 2011). Theoretically, it remains possible 
that a third set of septin filaments directly abuts the inner PM sur-
face and comprises the intense electron density we observed on 
the inner leaflet of the bilayer in the bud neck region (Figure 1). 
However, this density may reflect known localized asymmetries in 
lipid content between the inner and outer leaflets of the PM at the 
bud neck (Chen et al., 2006; Roelants et al., 2010). A reasonable 
possibility is that the direct septin–lipid interaction described in 
the monolayer experiments may correspond to a distinct time 
point in the yeast cell cycle from that illustrated in our tomograms 
of mature buds.
octamer, the repeating unit in a filament (Bertin et al., 2008). Thus, if 
the axial filaments act as a patterning scaffold to control the spacing 
between each circumferential filament and the next and do so via 
specific subunit–subunit contacts, then either Cdc10 or Cdc11 could 
mediate the contacts because, in a septin filament, each Cdc10–
Cdc10 and Cdc11–Cdc11 pair resides ∼30 nm away from the next 
doublet of the same subunit. Several considerations make Cdc11 
the prime candidate to be the septin subunit responsible for medi-
ating the observed cross-filament contacts between the orthogonal 
filaments. First, in cdc10Δ cells, both circumferential and axial fila-
ments are still visible. Of importance, the spacing between circum-
ferential filaments becomes narrower in cdc10Δ cells and corre-
sponds to the length of a hexameric rod, in agreement with the 
absence of Cdc10. Finally, the C-terminal extension of Cdc11 is re-
quired for formation of the orthogonal meshes we observed using 
recombinant septin complexes on lipid monolayers (Bertin et al., 
2010).
In addition, interesting properties exhibited by purified septin 
complexes on PtdIns4,5P2-containing lipid monolayers (Bertin et al., 
2010) are recapitulated in situ by the network of neck filaments de-
scribed in the present report. Tightly paired septin filaments were 
similarly cross-bridged by individual octameric rods via Cdc11–
Cdc11 contacts mediated by the predicted C-terminal, coiled-coil–
forming sequence in this septin, creating meshworks that were 
uniquely observed on PtdIns4,5P2-containing lipid monolayers 
(Bertin et al., 2010). Moreover, these meshworks and the orthogonal 
array of axial and circumferential filaments we observe by tomogra-
phy are reminiscent of the “gauze-like” arrangement of filaments 
(attributed to septins by antibody decoration) found at the bud neck 
when replicas of fixed yeast spheroplasts were examined (Rodal 
et al., 2005).
Of importance, the neck filaments defined by Byers and Goetsch 
persisted in cells treated with cytochalasin B, which disrupts actin 
filaments but were not found in cells undergoing cytokinesis (Byers 
and Goetsch, 1976), when the actomyosin contractile ring, but not 
the septin collar, remains at the neck (Oh and Bi, 2011). Hence the 
filaments described in the present study are unlikely to be actin or 
myosin.
Collectively, our findings suggest a model (Figure 6) in which cir-
cumferential filaments wrapped around the inside of the bud neck 
(each composed of a tight pair of septin filaments) make contact 
with and are spaced by axial filaments running parallel to the mother–
bud axis, generating a lattice, in which Cdc11 mediates the junction 
at the points of intersection of these two orthogonally arranged fila-
ment arrays. The nature of the 20-nm-long connectors between the 
circumferential filaments and the inner leaflet of the PM is unknown. 
Integral membrane proteins at the bud neck known to interact with 
septins, such as Axl2 (Gao et al., 2007), are potential candidates.
Vrabioiu and Mitchison (2006, 2007) used fluorescence polariza-
tion spectroscopy to study the organization of septins in budding 
yeast through the process of cytokinesis. Of interest, their analysis 
suggests that the ordered ensembles in the collar and those in the 
split rings differ in orientation by 90°. Similarly, by a distinct polar-
ized fluorescence microscopy method, Gladfelter and colleagues 
observed such an apparent rotation (DeMay et al., 2011). The tomo-
graphic studies presented here all correspond to the collar state 
preceding cytokinesis, which is much more common in unsynchro-
nized cells and was basically the one sampled in our experiments. 
Although we cannot shed any light on changes that occur during 
the collar–split rings transition, our studies directly show that during 
the collar state two sets of filaments, perpendicular to each other, 
coexist. An explanation for the change in anisotropy observed by 
FIGURE 6: Schematic representation of the septin filament array at 
the yeast bud neck. Top, orientation of the lattice-like septin collar 
relative to the mother–bud axis (black arrow). Bottom, enlarged view 
depicting the 10-nm circumferential filaments composed of a pair of 
tightly associated septin filaments (green) with short linkers (blue) 
connecting them to the inner leaflet of the PM and the axial filaments 
(red) composed of a single septin filament that intersect the 
circumferential filaments with a 30-nm spacing that corresponds to 
the 30-nm length of each octameric repeat in the axial filaments.
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Data collection
Resin-embedded samples were placed in a dual-axis tomography 
holder (model 2040; Fischione Instruments, Export, PA) and preex-
posed to the chamber for ∼30 min prior to data collection to avoid 
any shrinkage or deformation of the plastic resin during the data 
collection process. The dual-axis-tilted series were collected using a 
CM200 FEG microscope (Philips Electron Optics/FEI, Eindhoven, 
Netherlands) and the Digital Micrograph software suite (Gatan, 
Pleasanton, CA; Kremer et al., 1996). In most cases, the tilted series 
were collected from −70 to 70°, except when the sample of interest 
was too close to a grid bar, which prevented a high tilt.
For vitreous cryo-sections, images and tilt series were collected 
on a Tecnai 12 microscope equipped with a 4k Eagle charge-coupled 
device camera, and the tilt series were acquired using the Xplore3D 
tomography software suite (all from Philips Electron Optics/FEI).
Data processing
The data were processed using IMOD (Kremer et al., 1996; Mastron-
arde, 2008), using the gold beads as fiducial marks for aligning the 
tilted series. The reconstructed volumes were obtained by weighted 
backprojection before the two axes were recombined. Segmenta-
tion and renderings were performed in IMOD (Mastronarde, 2008) 
or Amira (Stalling et al., 2005). Segmentation of tomographic recon-
structions was performed by manually tracing structural features 
(filaments, membranes, microtubules) through sequential slices of 
the tomograms.
Previous work by another group showed that a septin-depen-
dent barrier restricts diffusion of ER membrane proteins at the bud 
neck (Luedeke et al., 2005). By lining the cortex at the yeast bud 
neck, and in light of our observation that the ER membrane apposes 
circumferential septin filaments, the filamentous septin lattice de-
fined by our tomographic analysis is well suited to act as an efficient 
barrier to the diffusion of membrane-associated factors between the 
mother cell and its bud. By themselves, septin filaments parallel to 
the mother–bud axis would present a comparatively poor barrier 
unless they were organized into a continuous sheet with no inter-
vening gaps, a configuration not supported by our (or previous) ob-
servations. Moreover, the new picture of septin filament ultrastruc-
ture that our study provides may also explain how septins can play 
an important role in controlling cortical rigidity in other cell types 
(Gilden and Krummel, 2010).
MATERIALS AND METHODS
High-pressure freezing
Yeast cells to be examined after freeze substitution were grown to 
mid-exponential phase (A600 nm = 0.4–0.6) in yeast extract–peptone–
glucose (YPD) medium at 30°C. To avoid any cell damage from cen-
trifugation, the cells were collected by vacuum filtration as described 
by McDonald (2007). The resulting yeast cake was transferred to 
100-μm-deep membrane carriers (Leica Microsystems, Vienna, 
Austria) precoated with 1-hexadecene (Fluka, Sigma-Aldrich, St. 
Louis, MO) and frozen in a high-pressure freezing device (model EM 
PACT2-RTS; Leica). Yeast cells to be examined after cryo-section 
were grown to mid-exponential phase (A600 nm = 0.4–0.6) at 30°C in 
YPD medium containing 20% dextran (35–45 kDa from Leuconostoc 
mesenteroides; Sigma-Aldrich) and then frozen in copper tubes 
(Leica) using the same high-pressure freezing device.
Freeze substitution, sectioning, and poststaining
The substitution medium was acetone containing 1% osmium tet-
raoxide, 0.1% uranyl acetate, and 5% water, and freeze substitution 
was performed in a Leica AFS2 device by raising the temperature 
from –90°C in increments of 2°C/h up to –25°C and then in incre-
ments of 5°C/h up to 0°C. The resulting samples were rinsed in ac-
etone three times (10 min each) and then embedded in resin by in-
cubation in solutions containing an ascending concentration of 
Epon from 30 to 100% (1 h each). To remove any trace of acetone, 
the samples were bathed three times in pure Epon and then in-
serted into molds for polymerization (48 h at 60°C). Serial sections 
of 50-, 150-, or 200-nm thickness were carved from the blocks using 
a microtome (Ultracut E; Reichert, Depew, NY) equipped a 4.5-mm 
diamond knife (Diatome, Hatfield, PA). The resulting sections were 
deposited on hexagonal copper grids (mesh size of 100), covered 
with Formvar, and poststained with 2% uranyl acetate and lead cit-
rate in 70% methanol. As a size standard, marker for the extracellular 
surface, and fiducial marks to align the tilt series, gold beads (10 nm 
diameter; Aurion, Wageningen, Netherlands) were deposited on 
both sides of the sections, and then a thin film of carbon was evapo-
rated over the sample.
Cryo-sectioning
Ribbons (50 nm thick) of vitreous cryo-sections were obtained from 
the high-pressure frozen copper tubes using a cryo-ultramicrotome 
equipped with an anticontamination glove box or Cryosphere 
(Leica). The ribbons were attached to the support film of a C-Flat EM 
grid (Aurion) that was coated with the same fiducial 10-nm gold 
beads (Aurion) by electrostatic charging using the CRION ionizer 
(Leica; Pierson et al., 2010).
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